Abstract. Empirical measurements on fine sediment dynamics and fine sediment infiltration and accumulation have been conducted worldwide, but it is difficult to compare the results because the applied methods differ widely. We compared common methods to capture temporal and spatial dynamics of suspended sediment (SS), fine sediment infiltration and accumulation and tested them for their suitability in a small, canalized river of the Swiss Plateau. Measurement suitability was assessed by data comparison, relation to hydrological data and in the context of previously published data. SS concentration and load were assessed by optical backscatter (OBS) sensors and SS samplers. The former exhibit a better temporal resolution, but were associated with calibration problems. Due to the relatively low cost and easy mounting of SS samplers, they can provide a higher spatial distribution in the river's cross section. The latter resulted in a better correlation between sediment infiltration and SS load assessed by SS samplers than SS concentrations measured with OBS sensors. Sediment infiltration baskets and bedload traps capture the temporal and spatial distribution of fine sediment infiltration. Data obtained by both methods were positively correlated with water level and SS. In contrast, accumulation baskets do not assess the temporal behaviour of fine sediment, but the net accumulation over a certain time period. Less fine sediment accumulated in upwelling zones and within areas of higher mean water level due to scouring of fine sediments. Even though SS and sediment infiltration assessed with the bedload traps increased from up-to downstream, less fine sediment accumulated downstream. This is probably also attributable to more scouring downstream.
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Introduction
Fine sediment (<2 mm) load in rivers are generally increasing throughout the world in catchments that are impacted both directly and indirectly by human activities (Owens et al., 2005) . Sediment supply in the alpine Rhine basin is estimated to increase between 220 % and 284 % by the year 2100 due to climate and land use change (Asselman et al., 2003) . These observed and anticipated changes in fine sediment dynamics in rivers can provide a serious threat to aquatic ecosystems, including phytoplankton, aquatic invertebrates and fish (for a review see Bilotta and Brazier, 2008) . Salmonid fish can be affected by suspended sediments (SS) in several ways. While SS can directly impact health and fitness of free swimming fish (Newcombe and Jensen, 1996) , fine sediment deposition in the gravel bed can induce siltation of the riverbed resulting in a decrease in hydraulic conductivity (Schälchli, 1995) . This affects the oxygen supply to the developing salmonid embryos in the redd negatively, which inhibits the incubation success (Greig et al., 2005) . The consequences of climate and land use change on the transport of sediment into rivers, on sediment transport in the river and on clogging processes are poorly known. Studies for the Alps, pre-Alps and the hilly regions of the Swiss Plateau are rare. This includes small rivers, which are habitats for gravel spawning fish (Scheurer et al., 2009) .
Several studies have shown a strong correlation between sediment deposition and the occurrence of fine sediment in the water column. Higher fine sediment load in rivers generally lead to increased fine sediment infiltration into the riverbed (Acornley and Sear, 1999; , while periods of low flow and smaller SS concentration and load trigger low sediment infiltration rates with finer grain sizes (Sear, 1993; Soulsby et al., 2001) . Consequently, direct measurements of SS concentration and load may be a straight forward method to assess sediment deposition. The estimation of SS concentrations from turbidity measurements with optical backscatter (OBS) sensors depends on the content of fine particulate organic matter as well as grain size distribution of the SS and colour and shape of the grains (Packman et al., 1999) . Accordingly, OBS turbidity measurements require calibration at individual test sites.
Deposition of fine sediments is not only controlled by SS concentration, but also by flow hydraulics and inter-gravel flow. These specific hydraulic conditions, influenced by the topography and the permeability of the riverbed, can have a large influence on sediment deposition (Brunke, 1999; Seydell et al., 2009) . Seydell et al. (2009) found significantly higher fine sediment infiltration rates in downwelling zones than upwelling zones. Furthermore, sediment infiltration is dependent on flow velocity (Brunke, 1999) . Rivers of the hilly regions of the Swiss Plateau and other regions in Europe are generally canalized and laterally stabilized by terraces for land drainage and flood control. These terraces lower the flow velocity and trigger downwelling processes upstream of the terraces, resulting in an increase of fine sediment infiltration (Bucher, 2002) . Additionally, terraces may impede desiltation, i.e., processes that increase hydraulic conductivity attributable to higher bed-shear stress (Schälchli, 1995) .
Numerous studies have been conducted on fine sediment dynamics and fine sediment infiltration and accumulation in Canada (e.g. Julien and Bergeron, 2006; Levasseur et al., 2006; , the USA (e.g. Lisle and Lewis, 1992) , and the United Kingdom (e.g. Greig et al., 2005; Heywood and Walling, 2007; Sear, 1993; Soulsby et al., 2001) . The results of those empirical studies of fine sediment infiltration rates are difficult to generalize mostly due to different measurement methodologies (Sear et al., 2008) . Hence, there is a need to compare methodologies as well as data on sediment input and riverbed clogging to achieve a better comparability of results from different studies and to increase knowledge on the interaction between fine sediment dynamics and fine sediment infiltration and accumulation (Scheurer et al., 2009) . The aim of this study was to (i) compare results obtained by different methods used to capture temporal and spatial dynamics of suspended sediment and fine sediment infiltration and accumulation, (ii) test their suitability for a river in the Swiss Plateau, (iii) compare the results with hydrological data, and (iv) compare the results with literature data. Because these questions are crucial for gravel spawning salmonid embryos, the study was conducted in artificial redds. 
Materials and methods

Study site and general setup
The river Enziwigger is a small canalized river located near Willisau (Canton of Lucerne, Switzerland) with a total watershed area of about 31 km 2 (Fig. 1) . The flow regime of the Enziwigger is not affected by hydro-power and no waste water treatment plant is located above Willisau. Like most rivers in the Swiss Plateau, its morphology is strongly modified: only 5 % of the ecomorphology is close to natural or natural, 21 % is little affected and 74 % is strongly affected or even artificial, including terraces that have been inserted to prevent deep channel erosion and scouring of the bed during flood events (classified with the Swiss modular stepwise procedure for ecomorphology after Hütte and Niederhauser (1998) (EBP-WSB-Agrofutura, 2005) ). In spite of these strong modifications its biological condition (classified with the macrozoobenthos module of the Swiss modular stepwise procedure (Stucki, 2010) ) is considered good (EBP-WSBAgrofutura, 2005) . The only fish species in the Enziwigger is the brown trout, Salmo trutta (EBP-WSB-Agrofutura, 2005) . The bedrock of the watershed consists of Upper Freshwater Molasse. The soil types are mainly (stagnic) Cambisol and Leptosol (classified according to WRB; IUSS, 2006) . The mean annual temperature in Willisau is 8.5 • C, with a mean annual rainfall of 1050 mm. Mean annual rainfall on the peak of the mountain Napf, where the river Enziwigger originates, is 1700 mm per year ; data from MeteoSwiss). Discharge was measured in Willisau from November 2007 until November 2008 by the Canton of Lucerne. Mean discharge was 2.1 m 3 s −1 , minimum discharge was 1.1 m 3 s −1 , and maximum 10.1 m 3 s −1 .
Measurements were set up in artificial salmonid redds located at three experimental sites along the river named A, B and C (from up-to downstream; Fig. 1 ) at altitudes of 757, 625 and 583 m above sea level (for site characteristics see Table 1 ). Each site was equipped with six artificial redds in places where natural brown trout redds had been mapped in 
OBS sensors and time integrated samplers to measure suspended sediment
Turbidity was measured continuously every 15 s during both field periods at each site with one optical back scatter (OBS) probe (Campbell Scientific, OBS-3+). The median from 40 measurements was logged every 10 min. The probes were mounted about 5 cm above the riverbed (about 20 cm depth during baseflow conditions). To calibrate the nephelometric turbidity unit (NTU) to suspended sediment concentration (SSC NTU ) in mg l −1 , water samples were taken every seven hours with an automatic water sampler (ISCO 6700, Isco Inc., USA). Because of freezing of the suction hose during the first field season, manual water samples were taken weekly during the second field season. The latter were complemented with samples collected by local habitants during storm events. Water samples were taken to the laboratory to asses the total SSC (see Sect. 2.7). Time-integrated suspended sediment (SS) samplers following Phillips et al. (2000) were installed behind each redd and emptied at weekly intervals to determine the spatial variation of the SS load (Fig. 2a) . The SS samplers were one metre long and consisted of commercially available PE pipes with an outer diameter of 110 mm and a wall thickness of 4.2 mm. They were sealed with a plugged polyethylene funnel at the inlet and a cap at the outlet. An aluminum tube with an inner diameter of 4 mm was passed through the funnel and the cap as inlet and outlet. The SS samplers were mounted parallel to the riverbed at two upright steel bars driven into the channel bed, with the inlet tube pointing directly into the direction of the flow. The greater cross-sectional area of the main cylinder compared to that of the inlet tube reduces the flow velocity within the samplers by a factor of 600 relative to that of the ambient flow. This reduction in flow velocity induces sedimentation of the SS particles as the water moves through the cylinder towards the outlet tube (Phillips et al., 2000) . The SS samplers collect a statistically representative sample under field conditions (Phillips et al., 2000) . Table 1 . Site characteristics: D 50 of the riverbed sediment was defined by freeze core samples and with line-number-analyses (Fehr, 1987 10.9 ± 3.9 23.2 ± 6.0 20.9 ± 7.9
Step length (m) 11-15 9-12 7-10 Mean bed shear stress above redds (Pa) c 5.0 9.5 8.2 a Calculation based on the slope value for each pixel from a digital elevation model of the watershed. b Based on the slope value from a digital elevation model. c Calculated by the reach-average bed shear stress formula: τ 0 = ρgRS, where τ 0 is bed shear stress, ρ is water density, g is acceleration due to gravity, R is hydraulic radius at mean water level and S is the slope.
Sediment baskets to measure fine sediment infiltration and accumulation
Fine sediment infiltration and accumulation was determined with sediment baskets ( Fig. 2b ; cf. Acornley and Sear, 1999; Heywood and Walling, 2007; Greig et al., 2005) . They consisted of two baskets made of 20 × 20 mm wire mesh with 2.5 mm wire and a solid bottom. The inner baskets had a diameter of 125 mm and were 160 mm deep. They were filled with riverbed sediment >4 mm to start with initial conditions without fine sediments. A second basket with a diameter of 150 mm was dug in the riverbed as a placeholder. A polyethylene bag with two long handles was placed around the inner baskets and stuffed between the two baskets. The bag was pulled over the inner basket during sampling to prevent loss of fine sediment during removal of the inner basket. Each redd was equipped with two sediment baskets. One of them was emptied at weekly intervals to investigate the weekly fine sediment infiltration rates (= sediment infiltration basket). The baskets' sediment was sieved with a 4 mm sieve and refilled with the same sediment during each sampling event. Sediment <4 mm was taken to the laboratory for grain size analyses. The second set of sediment baskets was emptied only at the end of the spawning season to asses the total net accumulation of fine sediment during the incubation period (= accumulation basket; Sear et al., 2008) . During Season 1 (2009/2010) 10 of the initial 18 accumulation baskets were washed away at high flow. Two accumulation baskets in each redd were, therefore, installed during Season 2 (2010/2011).
Bedload traps to measure sediment transported along the bed
The volume of the described sediment infiltration baskets is small and most of the space within the trap is taken up by coarse bed material. Thus, these baskets can fill very quickly in situations where sediment loads are high, resulting in an underestimation of the sediment infiltration rate (Bond, 2002) . Bedload traps similar to Bond (2002) were designed to overcome this problem. They consisted of two nestable 180 × 145 × 115 mm dug boxes with a 25 × 25 mm wire lid, above which coarse bed material was placed to avoid resuspension of the settled material in the trap (Fig. 2c) . To empty the box, it was covered by a lid and the inner box was removed. The coarse bed material above the trap caused turbulence; consequently, part of the settled fine sediment might not be material transported as bedload, but also as suspension. We still call the described traps "bedload samplers" to clearly distinct them from the sediment infiltration baskets and to use the same nomenclature as Bond (2002) . During the first field season, each redd was equipped with one bedload trap, which was emptied weekly. No bedload traps were installed during the second field season.
Hydraulic conditions
The temporal dynamic of the water level at the three sites was measured every 15 s during both seasons with pressure transmitter probes (STS, Sensor Technik Sirnach, Switzerland) . Average values were logged at 10 min intervals. The water level above each redd was measured weekly to assess its spatial and temporal variability within a site. The vertical hydraulic gradient in the redds was measured weekly within mini piezometers designed after Baxter et al. (2003) and installed in the pit and tail of each redd.
The piezometers had a length of 300 mm and consisted of a 25 mm diameter polypropylene (PP) pipe with an inner diameter of 21.4 mm. They were perforated with approximately 30 evenly spaced holes in the lower 160 mm and plugged at the bottom. The vertical hydraulic gradient is a unitless measure that is positive under upwelling conditions and negative under downwelling condition. It is calculated by the formula
where VHG is the vertical hydraulic gradient, h is the difference in head between the water level in the piezometer and the level of the stream surface and l is the depth from the streambed surface to the first opening in the piezometer sidewall (Baxter et al., 2003) .
Freeze core samples
Freeze core samples were taken with a copped and plugged 400 mm diameter steel pipe. The pipe was pounded in the river sediment to a depth of approximately 350 mm and filled with liquid nitrogen. Freeze cores with a length of roughly 350 mm and a diameter of about 150 mm were removed and divided vertically in 100 mm wide layers. Sediment from the cores was taken to the laboratory, dried and sieved.
Sample analyses
The grain size distributions of the sediments were determined with the standardized sieve technique using sieves of different mesh sizes. Grains with a diameter <32 µm were measured with a sedigraph (Micrometrics 100, Coulter Electronics, Germany). Grain size fractions were named according to the German soil taxonomy: Sand: 63 µm-2 mm, silt: 2 µm-63 µm and clay: <2 µm (Sponagel et al., 2005) . Water samples for determination of suspended sediment concentrations were filtered through pre-weighed Whatman-filters with 11 µm pore diameter, dried at 40 • C and weighed. Organic carbon concentration was measured with a CHN-Analyzer (Leco, USA).
Results and discussion
Suspended sediment
Turbidity measured by optical backscatter sensors
The calibration of NTU values to suspended sediment concentration (SSC NTU ) was difficult and associated with a high variance (Fig. 3 ). The calibration curve has an offset to the zero-point, indicating a systematic measurement error. Some general statements, however, were possible: SSC NTU varied at all sites between 2 and 10 mg l −1 during low flow conditions and increased at high flow ranging from around 150 mg l −1 (site A) to around 300 mg l −1 (site C). Only small floods occurred during the second field season, resulting in significant smaller mean SSC NTU at all sites with an overall mean of 17.0 mg l −1 compared to an overall mean of 42.7 mg l −1 during the first season (t-test, p < 0.01; Table 2 ). SSC NTU increased significantly from upstream (site A) to the two downstream sites (B and C) during both seasons (ANOVA, p < 0.01; Table 2 ). The high mean SSC NTU at site B for the second season might partly be related to measurement artifacts since the OBS sensor at this site was often shielded by leaves. Even though obvious outliers were excluded from the dataset, many high value data points remained in the dataset. These values could not be excluded with certainty, but might still be influenced by measurement artifacts.
The high temporal resolution in SSC NTU data is an advantage of the OBS sensors. SSC NTU increased rapidly with increasing water level at all sites and there is evidence of sediment exhaustion during the falling limb of flood events (Fig. 4) . The observed simultaneous peaks in discharge and SSC NTU correspond to the remobilization and transport of in-channel sediments (e.g. Duvert et al., 2010) . Although OBS sensors are widely used for turbidity measurements, their handling is an often underestimated problem (for a review see Downing, 2006) . The most frequent problems with OBS sensors are their signal dependence on grain size distribution and on sediment composition (shape of particles) as well as algal growth on the sensor windows (Downing, 2006; Minella et al., 2008; Packman et al., 1999 ). An infinite number of combinations of sediment characteristics, A 28.0 ± 37.8** 14.4 ± 3.5* 12.9 ± 7.6** 7.0 ± 1.7** B 49.1 ± 56.5 16.8 ± 3.3 21.4 ± 12.8* 11.5 ± 0.4* C 54.9 ± 62.8* 20.3 ± 2.5** 16.2 ± 23.3 11.2 ± 0.5 mean 42.7 ± 53.3 17.2 ± 3.9 17.0 ± 16.5 9.9 ± 2.3
Differences between seasons are highly significant for all sites and both measurement devices (t-test, p < 0.01). * Differs significantly from the two other sites (ANOVA, p < 0.05). ** Differs highly significantly from the two other sites (ANOVA, p < 0.01). including size, shape, mineral compositions and surface texture, is possible. Each combination produces a unique signal and each metre has a unique emitter-detector geometry that samples the signal in a particular way (Downing, 2006) . NTU is consequently an arbitrary unit, incomparable to NTU measured at other times and places or with different turbidity metres (Downing, 2006) . A calibration of NTU to SSC NTU in mg l −1 is necessary for the comparison to other studies. Measurement uncertainty is, however, introduced into the SSC NTU data when converting NTU to SSC NTU (Downing, 2006; Navratil et al., 2011) . Several problems with the OBS sensors were observed during the two field seasons. Drifting leaves were caught by the sensors in the fall months, resulting in abnormally high NTU values. This was particularly the case at site B during Season 2. More frequent checks at the field site, similar to the SS samplers (see Sect. 3.1.2), could partly counterbalance this shortcoming. Moreover, freezing of the suction hose of the ISCO samplers during the winter interrupted sediment concentration sampling. Regular sediment concentration samples are, however, necessary for a good calibration. Finally, the D 50 of the SS (50th percentile grain size diameter; data assessed by SS samplers, see Sect. 3.1.2) fluctuated strongly during the field season with a minimum of 6.7 µm at low flow with low SSC NTU and a maximum of 110.5 µm at high flow associated with high SSC NTU (Fig. 5) . The large effect of the change in grain size distribution on the OBS signal has been documented in numerous studies (for a review see Downing, 2006) . Organic carbon concentrations of the suspended sediment were also highly variable with minimum values around 1.5 % at high flow and maximum values around 10.5 % at low flow. This change in organic carbon concentrations has again an influence on the conversion of NTU to SSC NTU values (Downing, 2006) .
Suspended sediment samplers
Results from the SS samplers paralleled the observations with the OBS sensors, showing significant higher SS loads during the first season than the second season (t-test, p < 0.01) and a SS increase from upstream to downstream (ANOVA, p < 0.01; Table 2 ). The SS loads captured during one week by the six SS samplers per site varied highly with coefficients of variation between 12 and 100 %. This might represent the well known variation in suspended sediment concentration through the cross-section of rivers (Horowitz et al., 1990; Spreafico et al., 2005) . The D 50 of the SS varied highly across the channel and with time, again representing the variation of SS within a river both with low and high mean SS concentrations in the water column (Fig. 5) . The described differences could also partly be attributable to instrumental biases. The deposited sediments can be retained for further analyses of their composition, which is a major advantage of the SS samplers. In addition, the SS samplers can be installed in a relatively dense sampling network because they are inexpensive and easily fabricated. An installation at specific test sites, for example behind individual artificial redds, is possible. Thus, they can provide information about cross-sectional differences of SS loads and about the SS load at a specific test locations. Problems of this method include clogging of the inlet with leaves and the difficulty of placing the samplers horizontally with the inlet tube directly pointing into the flow direction. Consequently, distinguishing instrumental and sampling errors from spatial and temporal heterogeneity can be difficult. It is, therefore, suggested to closely monitor the samplers to ensure their proper performance, especially during fall when a large number of leaves drift in the river.
Sediment infiltration
A strong temporal variation of fine sediment infiltration with values ranging between 0.01 kg m −2 d −1 during low flow conditions and 10.36 kg m −2 d −1 during peak discharge was found (Table 3) . Our results confirm the conclusions of previous field studies showing maximum fine sediment infiltration during peak discharge when sediment transport is high (Soulsby et al., 2001; Acornley and Sear, 1999; Greig et al., 2005) . At all sites, an exponential increase in sediment infiltration with increasing water level was found. Sediment infiltration rates below a certain water level threshold (site A: about 15 cm, site B and C: about 25 cm) were very small (Fig. 6) . At site B and C, sediment infiltration reached a maximum at a water level around 45 cm. This indicates a saturation or equilibrium of input and scouring at higher water level. This equilibrium was never reached at site A, most likely due to an overall lower water level and, therefore, less scouring (Table 1, Fig. 6 ).
The sediment infiltration baskets were not filled with homogeneous gravel, but with riverbed gravel collected during redd construction; consequently, the D 50 (27.1 ± 2.1 mm; note here and in the following all values are given as mean ± sd) as well as the sorting coefficient (SO = (D 75 /D 25 ) 0.5 ; 1.6 ± 0.1) among the cleaned sediment baskets differed. Spearman rank correlation tests showed, however, that these differences had no influence on the amount of fine sediment infiltration (p = 0.5 and 0.2 respectively).
Sediment infiltration rates during the first season were significantly higher at all sites with a mean of 1.54 ± 0.24 kg m 2 day −1 compared to the second season with a mean of 0.74 ± 0.21 kg m 2 day −1 (t-test, p < 0.01). This is attributable to numerous high flows during the first field season. No significant differences of infiltration rates between the three sites were found (ANOVA, p < 0.3-0.8). The variation of sediment infiltration rates among infiltration baskets at each site was very high with coefficients of variation up to 100 % (Table 4 ). The most likely explanation for these differences is the cross-channel variation due to the differences in flow velocity caused by bank roughness effects (Acornley and Sear, 1999) .
Overall, the observed sediment infiltration rates are relatively high compared to other sediment infiltration studies conducted with sediment baskets (Table 3) . These high sediment infiltration rates can partly be explained by the high input of fine sediment from the molasse bedrock in the catchment. Furthermore, the sampling was conducted at a higher frequency than in the other studies (Table 3 ). The efficiency of newly cleaned gravel in trapping fine sediments is at its maximum with initial conditions and decreases with time (Heywood and Walling, 2007) . Hence, weekly sampled sediment baskets will yield higher daily means compared to monthly sampled baskets. Additionally, part of the deposited sediments might be washed out again. The difference between unequal sampling intervals can also be seen in the large discrepancy between the sediment infiltration rates calculated from the weekly obtained sediment infiltration data and those calculated from the accumulation baskets, which were only sampled at the end of the seasons after four months (Table 3) . As such, quantitative comparisons of sediment infiltration rates from studies with different sampling intervals have to be done with caution.
Grain size analyses showed an increase of silt and clay with increasing fine sediment infiltration in absolute values Differences between seasons are significant for all sites (t-test, p < 0.01). There are no significant differences between the sites (ANOVA).
( Fig. 7, left) , but a decrease in relative values (i.e., fraction of silt and clay of the total fine sediment deposition; Fig. 7 , right). During periods with low sediment infiltration rates, up to 94 % of the sediment consisted of sediment <0.25 mm; thus, sediments of a size most likely to be transported in suspension. This agrees with Acornley and Sear (1999) and Sear (1993) . They found mainly sediment infiltration composed of sediments transported in suspension (<0.25 mm) during low flow and a greater proportion of sediments with a diameter between 0.25 and 4 mm during high flow. This fraction is large enough to be in intermittent contact with the bed, yet small enough to pass through small interstices of the weekly cleaned sediment infiltration baskets (Lisle, 1989) . Sediment infiltration baskets do not represent natural conditions. Sediments <4 mm is removed in a regular interval, causing an overestimation of the real capacity of sediment infiltration occurring in the undisturbed riverbed. The suitability of the infiltration baskets strongly depends on the purpose of the research question. They are a quasi standardized method to obtain spatial and temporal differences of fine sediment infiltration or to assess the time needed for siltation of a freshly cut redd. To assess sediment infiltration rates close to natural conditions, Greig et al. (2005) assessed the temporal sediment accumulation by installing multiple small, porous infiltration pots. At each time step (2 weeks), two small pots were randomly removed. This allowed them to conduct seven measurements during the spawning period. Problems with this method are the possible spatial variability among the pots and the loss of pots at high flow (see Sect. 3.3). Another measurement strategy could consist of measuring sediment infiltration from week to week without removing the fine sediment trapped in the baskets, but this also does not represent true natural conditions, since the sediment structure would get disturbed while measuring the infiltrated sediment.
Sediment accumulation
The highest values for fine sediment accumulation over the two seasons were observed at site A, the most upstream site (ANOVA, p < 0.05). On average, 20.1 % of the sediment basket consisted of particles <2 mm at site A, 18.7 % at site B and 13.9 % at site C (Table 5 ). The decrease in fine sediment accumulation downstream could be related to higher scouring of fine sediment down the stream due to the higher water level. Sediment accumulation at site B and C did not differ significantly between the two seasons (t-test, p = 0.3 and 0.5 respectively), despite the significant higher fine sediment infiltration during the first field season at all sites. Only at site A, significantly higher fine sediment accumulation rates were obtained during the first season (ttest, p < 0.01, Table 5 ). Consequently, downstream scouring of fine sediment seems to have a greater effect on sediment accumulation than SS load and sediment infiltration on sediment accumulation.
The sediment accumulation baskets were not filled with standardized gravel but with riverbed gravel to represent natural conditions. These differences in D 50 as well as in sorting coefficient of the accumulation baskets had no influence on the amount of sediment accumulation (Spearman rank correlation, p = 0.5). Comparisons with other studies revealed similar rates of sediment accumulation to those reported in this study (Table 6 ). 90 ± 2.6 % of the accumulated fine sediment was sand and 67 ± 5.6 % had a diameter >0.25 mm. Thus, the size most likely carried in suspension (<0.25 mm) accounted for only 33 % of the sediment accumulated in the sediment basket. This is in the same range as found by Lisle (1989) . During high flow the main component of the infiltrated sediment is in the bedload fraction (see Sect. 3.2) . This fraction is deposited and accumulated at all depths down to the bottom of the basket as long as size distributions of transported sediment and the riverbed particles do not overlap (Lisle, 1989) .
The fine sediment fraction (<2 mm) in the accumulation baskets was greater than in the riverbed sediment obtained by freeze core samples (Table 5) . Because of the high variation among the accumulation baskets and among the freeze core samples, the differences were only significant at site A (t-test, p < 0.01). According to , these differences could reflect the influence of the effective size of the pore spaces available in the substrate on sediment infiltration. The overestimation of fine sediment in the baskets in this study could also be due to the small gap of about 4 mm between the inner and the outer sediment basket, in which the fine sediment (mainly in the bedload fraction) was able to infiltrate. This gap accounts for about 13 % of the volume of the inner baskets and was entirely filled with fine sediment at the end of the spawning season. The differences could also reflect an overestimation of the coarse fraction by freeze cores since individual pieces of coarse gravel and cobbles protruding out of the freeze cores can result in a smaller percentage of fine sediment of the sample (Young et al., 1991; .
Comparisons with the freeze core samples showed significantly higher silt and clay fractions of the total fine sediment in the accumulation baskets with 7.8 to 10.5 % compared to 4.8 to 5.1 % in the freeze core samples (t-test, p < 0.05; Table 5). This high fraction in the accumulation baskets is probably attributable to silt and clay particles which would have infiltrated to deeper layers in a natural environment. At the beginning of the measurement campaign, the sediment in Table 5 . Mean values ± standard deviation of the fraction of fine sediment (<2 mm) in the accumulation baskets and the fraction of sediment <63 µm of the accumulated fine sediment during the two spawning seasons S1 (2009/2010) Site % <2 mm % <2 mm % <2 mm % <2 mm % <63 µm % <63 µm % <63 µm % <63 µm S1 S2 mean in FC S1 S2 mean in FC A 25.5 ± 1.4** 18.0 ± 3.3 20.1 ± 4.5* 13.6 ± 4.1 ++ 8.2 ± 1.3 11.3 ± 2.1** 10.4 ± 2.4 5.1 ± 1.7 ++ (n = 4) (n = 10) (n = 14) (n = 6) (n = 4) (n = 10) (n = 14) (n = 6) B 16.0 ± 4.3 20.1 ± 4.4 18.7 ± 4.5 13.3 ± 4.5 9.3 ± 2.4 7.0 ± 1.0** 7.8 ± 1.8 4.8 ± 1.1 + (n = 2) (n = 4) (n = 6) (n = 6) (n = 2) (n = 4) (n = 6) (n = 6) C 15.4 ± 3.3 13.1 ± 2.6 13.9 ± 2.8* 12.5 ± 4.1 13.8 ± 4.1* 8.9 ± 0.6 10.5 ± 3.1 5.0 ± 2.5 + (n = 2) (n = 4) (n = 6) (n = 6) (n = 2) (n = 4) (n = 6) (n = 6) * Differs significantly from the two other sites (ANOVA, p < 0.05). ** Differs highly significantly from the two other sites (ANOVA, p < 0.01). + Differs significantly from the mean fraction of the accumulation baskets (t-test, p < 0.05). ++ Differs highly significantly from the mean fraction of the accumulation baskets (t-test, p < 0.01). the sediment baskets is comparable to a freshly cut redd. This cleaned gravel is vulnerable to deep infiltration by fines before a seal is formed during entrainment of the armor layer (Lisle, 1989) . Sediments can only infiltrate to the bottom of the baskets. Freeze core data support this assumption indicating a significant higher silt and clay fraction at a depth of 10-20 cm and 20-30 cm with silt and clay content of 6.0 ± 2.0 % and 6.3 ± 2.5 %, respectively, compared to the upper layer (0-10 cm) with a silt and clay content of 3.6 ± 2.4 % (ANOVA, p < 0.01). The fraction of particles <63 µm of the accumulated sediment within a site and between the two seasons varied greatly (Table 5) . Therefore, no general conclusions concerning the differences between the three sites and the two seasons can be drawn. The hydraulic differences within a site and the forming of a surface seal of sand (Lisle, 1989) influences the deposition and accumulation of silt and clay particles probably to a larger extent than their abundance in the water column. Silt and clay fractions assessed in other studies were also highly variable, making a comparison difficult (Table 6 ).
Fine sediment transported along the bed
Mean sediment caught by the bedload samplers increased along the river from 1.93 kg m 2 d −1 at site A to 2.24 kg m 2 d −1 at site C (Table 7) . This pattern parallels the data from the SS samplers and OBS sensors and could be related to an increasing shear stress attributable to higher water levels down the stream or/and to a higher input of fine sediments from the arable corn fields in the lower part of the catchment. Table 7 . Mean and range of daily bedload (BL) <2 mm, of the percentage of BL < 2 mm of the total BL and of the coefficient of variation (CV) of the weekly values within the six samplers at the three sites.
Site BL < 2 mm (kg m 2 d −1 ) CV (%) % < 2 mm of BL CV % < 2 mm of BL (%) At all sites, bedload rates were very small until a certain water level (data not shown). Above this level, bedload increased exponentially with increasing water level. This matches the pattern we found with the sediment infiltration baskets (Fig. 6) .
The percentage of fines in the total captured bedload was highest at site A (ANOVA, p < 0.01). This is probably also attributable to the low water level compared to the other two sites and the relatively small slope due to the frequent artificial terraces, resulting in lower shear stress (Table 1) . The fraction of the bedload smaller than 2 mm decreased with higher water level and total bedload (Spearman rank correlation, p < 0.01; Table 8 ).
Bedload rates and the percentage of fine sediment of the total bedload caught by the six bedload samplers varied highly per site (Table 7) . This variations can be partly accounted for by cross-channel differences also observed in the SS load, sediment infiltration and accumulation data. The higher coefficients of variation of the bedload data compared to the other methods is likely explained by (i) the variation in precision in placing the traps flush with the sediment surface. If the border of the trap is not flush with the bed, fine sediment transported along the bed was not trapped and (ii) the turbulence caused by the coarse bed material above the trap, which differs between traps and triggers different trapping efficiencies.
In total 26 bedload traps were lost at the 18 research plots during the first field season. Thus, on average, at every sampling spot the traps were lost 1.5 times. Hence, we found that a major disadvantage of the bedload samplers is their big contact surface, making them more susceptible to scouring at high discharge. For those reasons, no bedload traps were installed during the second field season.
Comparison of the different methods
SS samplers and OBS turbidity sensors
Results clearly suggest that both the SS samplers and the OBS turbidity sensors are suitable to capture large scale spatial and temporal variations in suspended sediment concentrations or loads ( Table 2 ). The two methods revealed a significant increase in suspended sediment (both SS load and SS concentration) along the river and significantly higher suspended sediment in the 2009/1010 season than the 2010/2011 season. Similarly, both methods showed a significantly positive Spearman correlation between SS and water level (Table 8). The weak correlation between SSC NTU and water level at site B was probably related to measurement problems with the OBS sensor due to leaves caught by the sensor (see Sect. 3.1.1). Even though the methods differ in their quantitative results, correlation analysis showed a significant correlation between SS load caught by the sampler during one week and the average SSC NTU that week (Table 8) .
The advantage of the SS samplers is their relatively low cost and their easy mounting, making a high spatial distribution across the channel possible. Therefore, the correlation between SS loads obtained with the SS samplers and the sediment infiltration rate was better than the correlation between SSC NTU assessed by OBS sensors and the sediment infiltration rates (Table 8) . SS sampler data are positively correlated to fine sediment infiltration (Table 8 , Fig. 8 ). At a deposition of about 40 kg m −2 , saturation or equilibrium of input and scouring was reached at site B and C. At site A, deposition increased until about 60 kg m −2 . This can be explained by less scouring at site A attributable to lower water levels. OBS data are only weakly correlated with sediment infiltration (Table 8 ) probably due to the cross channel differences in SS or measurement biases discussed earlier. Cross channel differences cannot be assessed with only one point measurement of SSC NTU per site. Certainly, a higher cross channel resolution could also be obtained by mounting multiple OBS sensors across the channel. But the installation of the sensors across the channel could be quite difficult and would also be connected with high costs.
Sediment infiltration baskets and bedload traps
Fine sediment infiltration rates measured with the sediment baskets correlated significantly with sediment transported as bedload measured with the bedload traps (Table 8) . A nonlinear regression (saturation curve) describes the observed relationship best (Fig. 9, left) . Values above a sediment infiltration rate of 2 kg m −2 d −1 are highly variable, probably attributable to higher scouring. While sediment infiltration baskets reach a saturation around 10 kg m −2 d −1 , bedload traps can capture sediments until about 15 kg m −2 d −1 because of their large volume (Fig. 9, left) . Consequently, Table 8 . Spearman rank correlation coefficients (ρ) between the measured parameters of both seasons for the three sites with mean weekly SSC NTU measured with OBS sensors, total weekly suspended sediment (SS) load measured by SS samplers, daily fine sediment infiltration rate, fine sediment accumulation, daily bedload of fine sediment, the percentage of fine sediment of the total bedload, highest mean daily water level of a week and vertical hydraulic gradient (VHG). The accumulation baskets were correlated with the mean values of the parameters during the whole field seasons. The sample size (n) is given in parentheses. Accu.
SS
- (4) - (4) −0.6 (14)* −0.3 (14) (% <2 mm)
- (2) - (2) 0.1 (6) −0.6 (6) - (2) - (2 Fig. 9 , right). According to Bond (2002) , sediment infiltration is governed primarily by sediment supply or transport rates until the point when interstitial spaces become clogged with fine sediments. The data from this study support this statement qualitatively (see Sect. 3.2 and the highly significant correlation between both water level and SS load with sediment infiltration rates as well as with bedload rates, Table 8). The sediment infiltration rates are, however, almost twice the bedload until the mentioned level at a sediment infiltration rate of 2 kg m −2 d −1 (Fig. 9, right) . This is probably attributable to an instrumental bias of the bedload samplers. According to Bond (2002) , trapping efficiency of the bedload traps is lower for the silt and fine sand (<0.25 mm) fractions (only 20-40 % at some sites). During low sediment infiltration rates, this fraction accounted for most of the infiltrated sediments (Fig. 7) . In contrasts to the sediment infiltration baskets, where infiltrated sediments are caught in a matrix of coarse sediment, fines can be easier washed out of bedload traps. A closer assessment of the differences in trapping efficiency of the sediment infiltration baskets and the bedload traps can only be accomplished under well defined conditions in a stream channel. Sediment caught by bedload traps is mainly dependent on the water level and SS load. Because of the solid wall of the traps, the vertical hydraulic gradient has no influence on this process (Table 8 ). In contrast, less fine sediment infiltration was expected with a positive vertical hydraulic gradient (= upwelling) in the sediment infiltration baskets. This has been shown in previous studies (Brunke, 1999; Seydell et al., 2009) . This relationship, however, was not observed in this study: at sites A and B, fine sediment infiltration was slightly higher in upwelling zones compared to downwelling zones (Table 8) . This is likely attributable to the high variability of hydrological exchange processes (e.g. Brunke and Gonser, 1997) . The vertical hydraulic gradient measurements represent only the specific hydraulic conditions at a certain time while sediment infiltration was measured over a week with possible changing vertical hydraulic gradients.
Multiple regression analyses for sediment infiltration as response variable with SS load (measured by SS sampler), SSC NTU , bedload, water level and vertical hydraulic gradient as explanatory variables were conducted. SS load as single explanatory variable was the best predictor for sediment infiltration at all sites. Due to the equilibration or saturation of sediment infiltration, the sediment infiltration rate is best described by a nonlinear regression model (Fig. 8 ). As such, the strong correlation between sediment infiltration and the occurrence of fine sediment in the water column found in other studies (Acornley and Sear, 1999; could be confirmed.
Sediment accumulation baskets
Only a small number of accumulation baskets resisted the flood; consequently, only a small data set across the two field seasons was available (site A: n = 14, site B: n = 6, site C: n = 6). This makes statistical analyses difficult and only general conclusions concerning the net fine sediment accumulation are possible (see Sect. 3.3). Fine sediment accumulation decreased from upstream to downstream, i.e., from site A to site C. In contrast, SS concentration and load and bedload increased from upstream to downstream, while fine sediment infiltration did not differ significantly between the sites. This is probably attributable to the higher resuspension and scouring of fines downstream due to higher water level, resulting in higher SS concentration and bedload, but smaller net sediment infiltration and accumulation.
Spearman rank analyses between sediment accumulation and other methods are only feasible at site A, which has the largest dataset. These analyses indicate a positive correlation between accumulated fine sediment and mean SS load (ρ = 0.8, p < 0.01) as well as mean infiltration of fines (ρ = 0.6, p < 0.05; Table 8 ).
Higher mean water levels above the accumulation baskets lead to resuspension of fine sediment, resulting in a negative Spearman rank correlation between water level and sediment accumulation (ρ = −0.6, p < 0.05; Table 8 ). A smaller amount of fine sediment accumulation in plots with higher water level and flow velocity compared to plots with lower water level was reported previously (e.g. Acornley and Sear, 1999; Levasseur et al., 2006) . Finally, multiple linear regression analyses with SS load and vertical hydraulic gradient (VHG) as explanatory variables indicate less sediment accumulation in upwelling zones than in downwelling zones: Accumulation = 14.2 + 0.6 × SS − 21.5 × VHG, R 2 = 0.7, p < 0.05
The results of Seydell et al. (2009) support these findings. They even noted that subsurface flow patterns have a larger influence on sediment deposition than the suspended sediment concentration in the river. Due to cross correlations between the mentioned dependent variables (Table 8) , other multiple regressions are not possible.
Conclusions
We compared different methods to capture temporal and spatial dynamics of suspended sediment (SS), fine sediment infiltration and accumulation. These methods were correlated and tested for their suitability for a river in the Swiss Plateau. A comparison to other studies as well as a cross-comparison between methods indicated a general agreement between the methods. All methods are, however, connected with some instrumental and sampling errors, which can not always be distinguished from spatial heterogeneity in the river. This calls for laboratory tests to assess the instrumental biases under controlled hydraulic and sediment conditions. Methods to capture SS (OBS sensors and SS samplers) indicate big spatial and temporal differences in SS. OBS data have a higher temporal resolution. SS samplers can provide important information on the composition of SS and a better spatial distribution can be achieved because of their relatively low construction cost. Due to the dense sampling network the correlation between SS load collected with SS samplers and sediment infiltration rate was better than between sediment infiltration rate and SSC NTU assessed by a single OBS sensor per site.
Sediment infiltration baskets are a quasi standardized method to obtain spatial and temporal differences of fine sediment infiltration but do not represent natural conditions. Sediment <4 mm are removed at regular intervals, causing an overestimation of the real capacity of sediment infiltration in an undisturbed riverbed. Sediment infiltration is mainly governed by water level and SS concentration. A major hydrological event can result in a total siltation of the sediment infiltration baskets. With higher water levels, scouring increases, resulting in a equilibrium between SS input and scouring. Bedload traps have a larger volume than sediment infiltration baskets, but they are associated with other problems as the difficulty to dig them flush into the riverbed. Furthermore, they are susceptible to scouring at high flows due to their large contact surface. We conclude that sediment infiltration baskets are better suited for a highly dynamic canalized river of the Swiss Plateau.
Sediment accumulation baskets do not assess the temporal behaviour of fine sediment infiltration but the accumulation over a certain time period. The loss of baskets at high flow generated the biggest problem associated with the accumulation baskets. They can not be renewed as their purpose is the assessment of accumulation during the entire field period. Additionally, they overestimate the fine sediment proportion. Differences in the effective size of the pore spaces, the gap between the inner and the outer sediment baskets or the solid bottom of the baskets are possible reasons for this overestimation. Less fine sediment accumulates in upwelling zones and with a higher mean water level due to scouring. Even though SS concentration and load and sediment assessed with the bedload traps increased from upto downstream, less fine sediment accumulated downstream. This was probably due to more scouring downstream.
